Interaction of acoustic waves with water aerosol layers is analyzed in the context of the problem of solid booster ignition overpressure suppression. In contrast to the conventional approach to ignition overpressure suppression, which aims at using water to quench the sources of the ignition overpressure waves, this study focuses on blocking the ignition overpressure wave propagation, using reflection and attenuation of the wave by the water aerosol layers. The study considers interaction of the waves with aerosol layers of large mass loading for varying sizes of the droplets. The size of the droplets is shown to substantially affect the mechanisms of interaction with the waves. The criteria for the crossover between different mechanisms are established as functions of the droplet size and the ignition overpressure wave parameters. The optimal parameters and designs for water aerosol sprays are proposed that maximize the ignition overpressure suppression. These results were obtained using the nozzle and the exhaust hole geometries similar to those of the space shuttle. Remarkably, it is found that various a priori reasonable designs of the aerosol and water sprays may increase the ignition overpressure impact on the vehicle, increasing the risk of vehicle damage. 
. The IOP wave may propagate toward the vehicle and potentially inflict vehicle damage or result in the vehicle's shifting from the nominal position. During its first flight (April 1981), the STS-1 Space Shuttle was exposed to a strong IOP [1] .
To mitigate the IOP effects that were discovered during the STS-1 mission, numerous experimental, analytical, and numerical studies were carried out [2, [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . The authors of [7, 8] performed threedimensional computational fluid dynamics (CFD) studies of the postignition acoustic waves in the launch environment. Scaling of the IOP applied to the space shuttle model was studied in [9, 10] . The authors of [11] studied the effect of adding water to the SRB exhaust plume and found that it significantly reduced the impact of IOP on the vehicle. Water sprays were also used to reduce heating of the platform and the deflector [1] . The latter effect was studied numerically in recent work [12] . A water spray system and water-filled bags at the mouth of the exhaust hole were used in STS-2 and in all the subsequent missions in order to control IOP [1] . The effect of the water bags was analyzed in [13] .
A common approach to water suppression is to consider its effects on quenching of the gas thermal energy (plume cooling) due to evaporation of the liquid and vapor heating. Cooling the plume increases the density and reduces the volume of the exhaust gas leading to decrease in overpressure [15, 16] . However, despite the apparent success of the water suppression system in the space shuttle missions, quantitative understanding of the exhaust gas quenching and the degree of liquid-gas mixing in real plumes is unknown. The two-phase dynamics of interacting exhaust gas and water sprays is very complex and not fully understood [15] , and quantitative predictions for the IOP suppression are very difficult to establish. Consequently, the optimization of the IOP suppression design for modern vehicles, such as the Space Launch System, is still an empirical endeavor and is likely to face challenges, in particular at the point of extrapolating the experimental data on water suppression in the subscale vehicle tests to the full-scale rockets.
The present work focuses on an alternative approach to the IOP water suppression, aiming at suppression of the IOP wave itself rather than its source. The suppression is proposed to be achieved by optimized water aerosol sprays injected into or above the exhaust holes. Note that the effectiveness of aerosol sprays to mitigate blast waves was established by numerous studies in the context of military applications [18] . The main effects of the aerosol-IOP wave interaction are reflection and absorption of the wave by the aerosol, creating a barrier to prevent the wave from propagating into the space above the launch platform. In this respect, the effect of the aerosol is similar to the effect of water bags used in the space shuttle launches. The advantage of using aerosols instead of water bags, however, is that the weight of aerosols does not need to be supported by the launch platform. Thus, aerosols could be injected into the exhaust holes with complicated geometries, such as that of the Space Launch System. Furthermore, the optimization of a water suppression system design may be achieved by varying the parameters of the aerosols, such as the water droplet size, the water mass fraction and the droplet velocity in the sprays, and the design of the water nozzles in the exhaust holes.
The interaction of water aerosols with the exhaust plume was studied by Canabal and Frendi, who developed a high-fidelity computational model [17] . They analyzed various configurations of aerosol sprays and found that the majority of the configurations led to an increase in the IOP. They also found some configurations leading to IOP suppression. However, the relations between the aerosol and the wave properties, the exhaust hole geometry, and the IOP wave suppression efficiency were not analyzed previously. These relations are explored in the present work. In particular, the dependencies of the transmission and reflection coefficients of the acoustic waves in aerosols on the droplet diameter, the spectral characteristics of the IOP wave, and the geometries of the exhaust hole and the nozzle are studied. The analysis is performed both analytically and numerically. The ANSYS CFD software was used to carry out the numerical simulations.
The outline of the paper is as follows. In Sec. II, the characteristic values of the relevant IOP wave parameters are given. Section III explores the main physical processes determining the transmission and reflection of IOP pulses in the considered aerosol layers. There, estimates of the aerosols parameters (droplet size, average density, layer width) maximizing IOP suppression are made. Scaling predictions are also given, which may guide the design and interpretation of the subscale water suppression tests. Numerical details of the CFD simulations are presented in Sec. IV. Section V presents the results of the IOP suppression simulations in the established optimal parametric regime in a launch vehicle environment with axisymmetric geometry. There, it is shown that the aerosol layers with certain droplet sizes may efficiently reflect the IOP wave in the full-scale rocket, whereas they reflect the IOP wave only weakly in a subscale model. It is proposed that a very efficient IOP suppression system may be built, using an optimized design of the aerosol sprays to replace the water bags. Section VI is the concluding section.
II. IOP Parameters
In this section, the typical values of the IOP parameters for the SRB used by the space shuttle are given, with the purpose of using them as a reference for the analysis of interaction of the acoustic wave with aerosol layers in the subsequent sections.
The duration of the IOP transient is about 0.5 s, and the typical overpressure time trace near the nozzle is a set of pulses with magnitudes up to 0.25 atm [1] . The results of the ANSYS simulations for an axisymmetric geometry with the parameters close to those of the space shuttle SRB and to its 5% subscale version are shown in Fig. 1 (see Sec. IV for the description of the numerical methods).
The schematics of the water nozzle location and the IOP wave propagation direction are shown in Fig. 1b . The ascending wave may be either the wave originating below the water sprays and transmitted through the aerosol layer or the wave originating above the sprays and reflected from the aerosol layer upward. The dynamics of the pressure transient is very complex. The most dangerous early stage of the IOP is characterized by a number of pressure spikes (Fig. 1) . The first spike is associated with the overpressure wave originating at the nozzle.
The supersonic (with respect to the ambient gas) motion of the hot gas in the plume initiated by the sharp growth of temperature in the combustion chamber creates an overpressure wave ("first wave") propagating out of the plume from the nozzle exit in the downstream direction. Passing through the nozzle exit, the first wave diffracts on the nozzle lip, leading to a relatively weak wave propagating toward the vehicle and determining the maximum pressure in the first spike. More important, the main component of the first wave keeps on propagating in the downstream direction. The second spike is associated with the ascending wave ("second wave") created by an open-end reflection of the descending first wave from the bottom opening of the exhaust hole. The third spike is associated with the ascending wave ("third wave") originating near the deflector downstream of the exhaust hole. The characteristic values of the IOP parameters (gas velocity, temperature, and pressure) for an axisymmetric geometry corresponding to the third wave are summarized in Fig. 2 . One can see that the typical gas temperature outside the plume is close to 300 K, whereas the gas velocity approaches 70 m∕s in the exhaust hole outside the plume. Inside the plume near its boundary, the gas temperature and velocity are close to 1300 K and 1500 m∕s, respectively. According to Fig. 1 , the approximate amplitude of the main IOP peaks near the nozzle exit and the skirt is Δp 0.25 atm. Their typical durations and the corresponding wavelengths are, respectively, τ pulse ≈ 30 ms and l g ≈ c g τ pulse ≈ 10 m for the base geometry, and τ pulse ≈ 1.5 ms and l g ≈ 0.5 m for the 5% subscale model. These parameters will be used in the subsequent estimates and numerical simulations.
III. Interaction of Overpressure Waves with Aerosol Layers
In their full generality, the physical processes involved in the reflection and transmission of acoustic waves in a dense aerosol of water droplets in the air are very complicated. Their theoretical studies have a long history [19] [20] [21] [22] . To date, two limiting cases have been investigated. The first case is that of sound propagation in aerosols for sufficiently small Reynolds numbers. Here, the drag exerted by the gas on the droplets is governed by the Stokes law. In this linear drag regime, the transmission and the reflection coefficients have been calculated for finite attenuation [22] . The second case is that of strong waves, when the drag becomes nonlinear and eventually turbulent. In the nonlinear regime, the limit of small mass loading of the aerosol has been discussed in [23, 24] . The parametric regime of interest in the present work does not fall within either one of the two limits. The limit of the small mass loading is not relevant in the water suppression context. The regime of the Stokes law also does not apply to the IOP waves (Sec. III.A).
In the present work, several controlled approximations are made that simplify the complex picture of IOP-aerosol interaction and give an idea of the orders of magnitude of the relevant effects. These estimates are further used to guide a more refined computational analysis, using ANSYS software and various droplet-fluid interaction models built into its code. It will be assumed that the volume fraction of water is small, f L ≪ 1, whereas the mass loading (the density of the water-air mixture) is large. One may distinguish two extremes: the case of small droplets (fine aerosol or mist) and the case of large droplets (coarse aerosol).
The distinction is based on whether or not the droplets are entrained sufficiently fast by the gas movement in the wave on the timescale of the IOP pulse duration. The fast entrainment of the small droplets allows us to consider the mist as a homogenous medium with aerosol density for the propagation of an incoming IOP wave. In this case, the intensity of the transmitted wave, and therefore the efficiency of IOP wave suppression, is determined by the reflection of the incident wave from the aerosol layer. In the opposite case of coarse aerosol, the large droplets are essentially immobile during the whole time interval of the IOP propagation. As a consequence, the magnitude of the transmitted wave, as well as efficiency of the IOP wave suppression, is determined mainly by the attenuation due to the (nonlinear) drag. In the simplest case, the motion of a spherical liquid droplet experiencing drag from the moving gas may be described by the equation [21, 22, 25] 
where u g;dr u g − u dr is the relative velocity, and Re g;dr is the Reynolds number calculated for the instantaneous relative velocity of the droplet; Re g;dr ρ g d drop u g;dr ∕μ g . Dependence of the drag coefficient C D on the Reynolds number Re may be approximated by the following interpolation formula:
which describes very well the experimental data for water droplets [25] . According to Eq. (2), the value of C D Re g;dr varies from 2 to 0.4 within the range of droplet diameters from 10 μm to 10 mm for the gas velocities u g 40-70 m∕s (Fig. 3a) . Equation (1) implies that the droplet accelerates or decelerates by the drag depending on the sign of the relative velocity u g;dr . For sufficiently slow change of the gas velocity (equivalently, for sufficiently long incoming wavelength), the droplet eventually attains the velocity close to the instantaneous velocity of the gas. In this limit, one can estimate the characteristic drag time τ drag by assuming that the gas velocity is constant on the timescale τ drag and rewriting Eq. (1) in the following form:
where u g0 is the characteristic gas velocity in the acoustic wave, and Re g;dr is the Reynolds number calculated for the instantaneous relative velocity of the droplet. Equation (3) is accurate for a sufficiently long wavelength, i.e., for τ drag ≪ τ pulse . The estimate τ drag ≈ τu g0 of the characteristic drag time can be justified by the fact that the relative velocity of the droplets is of the order of the characteristic velocity of the gas; u g;dr ≈ u g0 . Indeed, there are three velocity scales in the problem: 
110 s, which is much larger than τ pulse . Therefore, the droplets cannot accelerate to the velocity ∼u g0 over the duration of the pulse. It follows that the scales U 2 and U 3 are irrelevant, and the relative velocity is determined by the scale U 1 , i.e., u g;dr ≈ u g0 . Large R g;r ∼ Ru g0 ∼ 7000 implies that the drag on the droplets is nonlinear and results of the Stokes drag calculations [22] do not apply. The condition τ drag ≪ τ pulse can be considered as the criterion on the droplet size to follow the gas motion. Large droplets correspond to the regime τ drag ≫ τ pulse , where the droplets do not to have time to reach the instantaneous gas velocity over the duration of the acoustic pulse τ pulse . The crossover size of the droplet is determined by the condition τ drag τ pulse , which is equivalent for the following implicit
Aerosol with large droplets, d dr ≫ d cr dr will be called coarse aerosol in the rest of the paper and aerosol with small droplets, d dr ≪ d cr dr , will be called fine aerosol, or simply mist. According to Fig. 3b , condition τ drag ≪ τ pulse is fulfilled for water droplets with diameter d drop ≪ d cr dr , where d cr dr ≃ 0.6 mm for the full-scale rockets with the following parameters: u g0 50-70 m∕s, T g 300 K, p 1 atm, and τ pulse ≈ 30 ms.
It is assumed that the engines of the subscale model are designed to ensure that the characteristic pressures/velocities in the flow are close to those in the full-scale rocket. This corresponds to scaling the characteristic timescales of the engine transients by the lengthscales ratio. For the 5% subscale model, this implies τ pulse ≈ 1.5 ms. In this case, the droplet crossover size is found to be d cr dr ≈ 60 μm for u g0 50-70 m∕s (Fig. 3b) . It should be noted that, because of the dependence of the drag coefficient on the droplet diameter [Eq. (2)], the crossover droplet size does not scale linearly with the size of the system. Indeed, for the 5% subscale tests, the IOP timescale is decreased by a factor of 20, whereas the crossover droplet size is seen to decrease by a factor of 10 only. It then follows that an aerosol with droplets of the same diameter, e.g., d dr ≈ 0.1 mm, may appear as a mist for the full-scale rocket and as a coarse aerosol for its 5% subscale model.
In the subsequent section, it will be shown that the effects of the mist and coarse aerosol layers on the IOP wave propagation and, accordingly, their efficiencies in the IOP suppression are very different.
B. Interaction of Acoustic Waves with Fine Aerosol Layers
In the case of a mist, the condition τ drag ≪ τ pulse holds, i.e., that the droplets are sufficiently small and are able to follow the gas motion in the acoustic wave. As a consequence, a mist can be considered as a gaseous medium with an effective density ρ aer . The sound speed c aer in this case is given by Wood's formula [26] :
The corresponding amplitude transmission coefficient for a monochromatic acoustic wave with normal incidence is well known [21] :
T fine aer 4c g c aer ρ g ρ aer c g ρ g c aer ρ aer 2 exp−ik aer h aer −c g ρ g −c aer ρ aer 2 expik aer h aer (6) where
and λ g c 0 ∕ν is the wavelength in air. It then follows from Eqs. (5-7) that
where both a > 1 and b > 1. Equations (6-8) are valid for weak attenuation, i.e., for h aer α ≪ 1, where α is the attenuation coefficient of sound in the aerosol. In this case, the coefficient of reflection jR fine aer j 1 − jT fine aer j. For h aer α ≫ 1, the transmission coefficient is smaller than predicted by Eqs. (6) (7) (8) . However, in the frequency range of interest for the IOP and the width of aerosol layers, h aer ∼ 0.1 m, the wavelength in the aerosol is much larger than the width of the layer, h aer ≪ λ aer . Therefore, h aer α ≫ 1 implies λ aer α ≫ 1, which implies that the wave is strongly reflected, and jR fine aer j > 1 − jT fine aer j for jT fine aer j as predicted by Eqs. (6) (7) (8) . In the following analysis, attenuation will be neglected for the fine aerosols, meaning that the predicted reflection should be considered as a lower bound on the actual reflection. It should be noted that, for very small droplets where the Stokes drag regime applies attenuation is weak, λ aer α ≪ 1 [22] . It can be conjectured that attenuation for mists is weak in general. In fact, the energy is transferred from the moving gas to the droplets, but this process is reversible, and the energy is then transferred from the droplets back to the gas in the course of one period of the wave. Only a small portion of the energy is lost to friction.
When h aer ∕λg ≪ 1∕b, the formula in Eq. (8) can be further simplified to
It should be noted that Eq. (9) with ρ aer h aer ρ L h L describes the transmission coefficient for a pure water layer of thickness h L < λ g [21, 27] . According to Eq. (8), the transmission coefficient in a mist depends on h aer ∕λ g and f L but does not depend on the droplet diameter. It has a minimum value of T min a −1 , which is first attained at λ g 4b1 − f L h aer . These formulas show that the liquid volume fraction should be sufficiently high (T fine aer < 0.3 at f L ≥ 0.05) in order for the aerosol to be able to have a significant mitigating effect. Also, the aerosol width h aer should lie in a certain range around the optimal value h opt aer λ g ∕4b1 − f L λ aer ∕4. Figure 4a shows the transmission coefficient as a function of the relative width of the aerosol layer h aer ∕λ g for several values of f L . It can be seen that the thickness of a sufficiently opaque layer falls in a rather broad range 0.01 ≤ h aer ∕λ g ≤ 0.04 for f L 0.15. This parametric range is marked by the thick brown line in Fig. 4 . For example, for wavelengths λ g 10 m (τ pulse 30 ms) and λ g 0.5 m (τ pulse 1.5 ms), these correspond to the ranges 0.1 m ≤ h aer ≤ 0.4 m and 0.5 cm ≤ h aer ≤ 2 cm, respectively. Such widths of the mist layers were used in the simulations (see Sec. IV). The observed resonant increase of the transmission for certain values of h aer corresponds to the constructive interference effect for h aer λ aer ∕4. This effect does not play a role in the transmission of the IOP wave through the realistic aerosol layers. First, the width of the aerosol layer varies in space. Averaging Eq. (8) over the variations can lead to a substantial decrease of the resonance spikes. Figure 4b shows a significant decrease for 10% spatial variation of the thickness, modeled by the functional dependence hx h 0 1 0.1 · sin2π · a · x∕λ g for λ g 10 m. It should be noted that, in the main part of the frequency range, away from the resonances, the transmission coefficient is not affected by the 10% spatial variations. The second reason why the resonances do not effect the IOP wave transmission is that Eqs. (6) (7) (8) are obtained for monochromatic acoustic waves, whereas the IOP pulses are characterized by a finite spectral width. To calculate the transmitted pulse for h aer 0.1 m and f L 0.15, the transmission Figure 5a shows the incident (curve 1) and the transmitted IOP wave obtained from the ANSYS simulations with droplets (curve 2) and theoretically (curve 3), using the transmission coefficient of an appropriate mist layer. Also, Fig. 5b shows the power spectrum density (PSD) of the incident wave (curve 1) and the modulus of the Fourier transform of the transmission coefficient given by Eq. (6) (curve 2). From this figure, one can see that most of the energy of the wave is concentrated in the part of the spectrum that is efficiently suppressed by the aerosol layer. Therefore, the resonance spikes seen in Fig. 5 do not play a significant role for the suppression of the IOP pulses. Figure 5a shows that the calculated transmitted IOP wave shifts in time with respect to the incoming IOP wave and has the amplitude reduced by a factor of three. This theoretical prediction shows an excellent agreement with the result of the ANSYS simulation for the same mist parameters and d drop 0.25 mm (see Sec. IV for details). From Fig. 5b , it appears that the parameters of the aerosol can be changed leading to an even stronger suppression if the first minimum of the transmission, attained at λ g 4b1 − f L h aer , is tuned to correspond to the spectral maximum of the pulse ν pulse . In practice, the tuning parameters can be either f L or h aer , and their optimal value is determined by the relation c g ∕ν pulse 4b1 − f L h aer .
C. Interaction of Acoustic Waves with the Coarse Aerosol Layers
The acoustic wave is attenuated by the aerosol layer due to the drag between the droplet and the moving gas. For coarse aerosol, where τ drag ≫ τ pulse , and for small attenuation, the amplitude of the transmission coefficient for the wave passing normally through an aerosol layer of thickness h aer can be calculated. First, a heuristic derivation of the attenuation coefficient will be presented based on simple physical considerations. Next, a more detailed analysis will follow, aiming to assess the quality of approximations involved.
The motion of the droplets caused by an acoustic wave of frequency ν can be neglected for τ drag ν ≫ 1. If, in addition, the attenuation on the scale of the wavelength is small (i.e., λ aer α aer ≪ 1 holds), the wave propagating in the aerosol can be considered a traveling plane wave. The flow near the droplets can be considered as quasi stationary for frequencies typical to the IOP. The time-averaged energy flux of a traveling plane wave is J ρ g < u 2 g > c aer , where c aer is the sound velocity in the aerosol, u g is the velocity of gas in the wave, and the brackets denote time averaging. The time-averaged power spent on drag in an infinitesimal aerosol layer of width δx and unity area is δP < u g;dr F drag u g;dr > δN, where F drag is the drag force per droplet, u g;dr is velocity of a droplet relative to the ambient gas, and the number of droplets in the infinitesimal layer is δN f L δx∕4∕3πR 3 . In the leading order in τ drag ν −1 , and for initially stationary droplets, u g;dr u g . Equating δP δJ leads to the following ordinary differential equation for the spatial variation of the time-averaged variables:
Equation (10) can also be obtained in the linear acoustic approximation from the equations of motion for the gas and droplets. The continuity equation and the momentum equation for the gas in the acoustic limit become
where u g;dr u g has been taken in the leading order in τ drag ν −1 . Retaining the force term in Eq. (11) in the acoustic approximation is valid, provided the nonlinear corrections are still smaller. The dropped terms to Eq. (11) are of the order of ρ g u 2 ∕λ aer , therefore retaining the drag term is valid if
Next, Eq. (11) can be used to derive the following partial differential equation for the acoustic energy flux j p 0 u g :
Since the time derivatives in Eq. (13) act on functions that are bounded, averaging this equation over a sufficiently long time interval eliminates the last two terms, yielding
Under the assumption of small attenuation, the wave in the aerosol can be approximated by the traveling plane wave, for which p 0 ρ g u g c aer holds. Inserting this expression into Eq. 
where u g0 is the initial amplitude of the wave, and α is the attenuation coefficient. Note that the considered attenuation mechanism is fundamentally nonlinear in the amplitude of the incident acoustic wave and is related to the onset of turbulent gas motion in the vicinity of each droplet upon passage of the wave. The value of T coarse aer does not depend on the acoustic wave frequency ν but varies with the droplet diameter d drop and the maximum gas velocity u g0 of the wave. It should be noted, however, that for smaller diameters, the frequency of the acoustic wave has to be greater in order to satisfy the condition τ drag ν ≫ 1 required for Eq. (16) to be valid. Small attenuation is yet another assumption for the derivation. It means λ aer α ≪ 1. Using the expression for α in Eq. (16), one can obtain
where η aer ≫ 1 is the mass loading of aerosol for f L ≪ 1. It should be noted that inequality [Eq. (17)] implies not only that attenuation is small but also that reflection is small. Indeed, since λ aer α ≪ 1, reflection can be substantial only if the impedance mismatch between the aerosol layer and air is large. For essentially immobile droplets, the impedance and the sound velocity cannot depend on the droplet density ρ L . Therefore, the impedance mismatch and deviation of the sound velocity c aer from the ambient sound velocity c g are functions of η aer ∕τ drag ν and f L : the only dimensionless parameters independent of ρ L . As a consequence, for η aer ∕τ drag ν ≪ 1 and f L ≪ 1, the impedance mismatch is negligible and c aer ≈ c g . It can be concluded that inequality [Eq. (17)] implies both small attenuation and small reflection. The sound velocity c aer in the expression of Eq. (16) for α can be replaced by the ambient sound velocity c g to the leading order in η aer ∕τ drag ν. This substitution is employed in what follows. Equation (17) implies that attenuation and reflection are small for sufficiently large droplets:
For C D 0.4, f L 0.15, and u g;0 ∕c g 0.2, the reflection can be neglected for d drop ≫ 0.004λ g . For λ g 10 m, as in the full-scale rocket, the reflection can be neglected for d drop ≫ 4 cm. The bound 4 cm exceeds the typical size of the droplet in the water jet even before the breakup (see Sec. III.E). Therefore, the reflection in the full-scale rocket cannot be neglected for a sufficiently wide aerosol layer. On the other hand, for the 5% subscale model, the IOP wavelength λ g ≈ 0.5 m, and reflection can be neglected for d drop ≫ 2 mm. Since, as explained in Sec. III.E, the breakup is negligible during the IOP pulse for the 5% subscale model and the typical initial size of the droplets in the water jet is ∼1 cm, the reflection can be neglected for the subscale model. In addition, it is important to note that, for the typical h aer ∼ 0. Fig. 6 (also see Sec. III.D). As noted previously, in the case under consideration, v g ≤ 70 m∕s (see Fig. 2 ), i.e., u g0 ∕c g ≤ 0.2. Therefore, the curves in Fig. 6 corresponding to the transmission coefficient given by Eq. (16) display a lower bound on the actual value of T coarse aer . The transparency of the coarse aerosol layers increases, i.e., the layer absorbs the wave less efficiently when the droplet diameter increases (Fig. 6a) or the layer thickness decreases (Fig. 6b) . The condition τ drag ≫ τ pulse for u g0 ∕c g ≤ 0.2 can be fulfilled for d drop > 2.5 mm for the full-scale model and for d drop > 0.25 mm for the 5% subscale model (Fig. 6) . The presence of polydispersity is expected to increase the transparency of coarse aerosols. Indeed, for coarse aerosol layers, the transmission coefficient can be calculated based on Eq. (16), in which the attenuation α coefficient should be averaged over the distribution fD of the droplet diameters D:
Consider, for example, the lognormal distribution [assuming that τ drag ≫ τ pulse or, equivalently, that D ≫ d cr dr for most droplets, where d cr dr is given by Eq. (4)] with median diameter D and relative width σ (for a recent overview of different polydispersity models, see, e.g., [28] ):
The most likely value of the droplet diameter in this distribution is equal to AIAA Early Edition / OSIPOV ET AL.
One can see that, for a fixed value of d drop , the attenuation coefficient decreases with σ, which is a measure of the polydispersity of the aerosol. Therefore, in the considered case, polydispersity reduces the ability of the aerosol to absorb the incoming IOP wave. The best mitigation in this regime is then achieved with the smallest possible droplets (
, for which the distribution is sharply peaked.
D. Dependencies of the Transmission Coefficient on Aerosol Density and Wave Frequency
The dependencies of the transmission coefficient for aerosol and pure water layers on the effective liquid layer width f L h aer obtained from Eqs. (7-9,16) are presented in Fig. 7 . As can be seen from Fig. 7 , the optimal value of f L h aer for mist satisfies the following conditions: 15 cm ≤ f L h aer ≤ 50 cm for λ g 10 m (Fig. 7a) and 0.7 mm ≤ f L h aer ≤ 2.5 mm for λ g 0.5 m (Fig. 7b) . These parameter ranges are marked by the thick brown lines in Fig. 7 . As explained in Sec. III.B, following Eq. (8), such mist layers are expected to efficiently reflect IOP waves. Similarly, according to Eq. (9) for f L 1, a pure water sheet would reflect these acoustic waves equally well. It should be noted, however, that thin water sheets quickly become spatially unstable: first developing undulations and then breaking up into large blobs [29, 30] . As a consequence, the disintegrating water sheet is expected to become transparent to the IOP waves.
As follows from the discussions after Eqs. (16) and (6) (7) (8) (9) , for the typical h aer α ≪ 1, layers of aerosol with large droplets (coarse aerosols) are more transparent at higher frequencies than layers of mist for the same width and liquid fraction (Fig. 8) . The transparency of the coarse aerosol layers does not depend on the acoustic wave frequency, as implied by Eq. (16), but is a function of the droplet size. Conversely, the transparency of the mist layers does not depend on the size of the droplets but is strongly frequency dependent [see Fig. 4 and Eqs. (6-9) with frequency ν c g ∕λ g ]. Note that the smallness criterion τ drag ≪ 1 depends on both the droplet diameter and on the parameters of the wave, such as frequency and amplitude u g0 . This makes the frequency dependence of the transmission coefficient for aerosol layers rather complex. It can be given explicitly only for relatively low-or high-frequency ranges where the conditions τ drag ≪ 1 or τ drag ≫ η aer are valid and Eqs. (8) and (16) can be used, respectively. These dependencies for relatively thin aerosol layers h aer ≪ λ aer are presented in Fig. 8 , where we used Eq. (8) ∼0.2 mm may be effective IOP mitigators for full-scale rockets. During the full-scale rocket ignition, water droplets of diameter ∼0.2 mm are created by the breakup of the large droplets [of ∼5-10 mm] initially present in the water spray by the acoustic wave (see next section). From the standpoint of the aerosol-wave interaction, the 0.2 mm droplets correspond to the mist for the fullscale rockets. In subscale models, the large droplets of the water spray do not have enough time to breakup to 0.2 mm. Since even for 0.2 mm the transmission is very high for the subscale model (Fig. 8b) , aerosol layers of ∼1-2 cm width are essentially transparent for the waves in small rockets. Droplets of diameter d drop ≤ 50 μm (curve 4 in Fig. 8b ) correspond to mist for ∼5% subscale models.
The aerosol layers with such droplets will efficiently reflect the acoustic waves when the width of the layer is h aer ∼ 0.5 cm or larger. It should be stressed that the crossover droplet diameters do not scale with the size of the rocket, as mentioned in Sec. III.A. Therefore, in order to experimentally test the efficiency of IOP suppression by mist layers in a 5% subscale model, one needs to use atomized sprays with smaller droplets of diameter d drop < 50 μm to comply with the condition of Eq. (4).
E. Droplet Breakup by Acoustic Waves
Droplet breakup is an extremely complex process and its detailed understanding is still lacking despite many experimental, theoretical, and numerical studies [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] . Several models and approaches are available to give a basic characterization of droplet breakup as a function of the Weber number [30] [31] [32] [33] [34] . Under the conditions relevant for the present study, the Weber number We > 100 for the droplets of sizes larger than 0.25 mm in diameter and gas velocity u g ≅ 70 m∕s in the IOP wave. Therefore, droplet breakup should be dominated by the bag breakup mechanism [39] [40] [41] that has been studied in detail numerically in the recent work [38] . In this regime, the Taylor analogy breakup model [33] may be used to estimate the minimum radius r min of the breaking droplets and the breakup time τ break . This model was used in the studies of [15] and is implemented in the ANSYS code. According to the Taylor model, droplet breakup occurs when the variable Y obeys the equation
As follows from Eq. (22), the value of Y may exceed unity when the droplet diameter satisfies the condition
For several values of the parameters and p 1 atm, the minimum droplet diameter may be estimated to be d min ≈ 0.2 mm at V g 60-70 m∕s, T g 300 K and d min ≈ 2 μm at V g 1500 m∕s, T g 1300 K. The physical interpretation of the condition in Eq. (23) is as follows: breakup occurs when the dynamic gas pressure drop on the droplet is greater than the pressure drop due to surface tension. According to Eq. (22), due to the smallness of the value of 5μ g ∕ρ L r 2 drop , the lower bound on the droplet breakup time for We > 12 may be estimated as follows:
The lower bound can be thought of as the characteristic time of the critical deformation of the droplet. According to the Schmehl's model [38] [39] [40] , which is based on the experimental findings of Hsinag et al. [35] , the formula in Eq. (24) . This droplet size corresponds to fine aerosol for the fullscale rocket. Therefore, the reflection of the IOP wave is large (see Sec. III.D). As a consequence, the reflection is large for the water sprays of the full-scale rocket. On the other hand, the breakup may be negligible for the 5% subscale model where τ pulse < 1.5 ms. As a consequence, the IOP will not reflect from the water spray in the 5% subscale model (see Sec. III.D). It should be noted that the evaporation of 0.2 mm droplets is negligible in the timeframe of interest for the region outside the plume, since the temperature of the air is close to the droplet temperature T L ≃ 300 K. Inside the plume, the droplets will break up on the timescale τ break < 0.4 ms into droplets with a diameter of 2.2 μm, which evaporate very quickly (τ evap 10 μs) due to the high temperature and velocity of the gas inside the plume (T g 1300 K and u g 1500 m∕s; Fig. 2 ). These estimates are fully supported by the results of the ANSYS simulations (see Sec. IV).
IV. Computational Approach
CFD simulations of IOP reported in this paper were carried out using the commercial software ANSYS CFX 14.5, which employs an implicit element-based finite volume method. The simulations were performed for a simplified geometry of the exhaust hole, which captures the main features of the exhaust hole used in the space shuttle launch pad.
A. Geometry
The geometry of the exhaust hole and the nozzle was constructed using ANSYS Design Modeler. The geometry was axisymmetric. Two different approaches to the simulation were compared. First, three-dimensional (3-D) simulations were performed on a 5 deg sector and extrapolated to the full domain by rotation. Second, the results were compared to the results of 3-D simulations for 180 deg sectors in a number of cases. No appreciable difference was found (see Fig. 9 ). Therefore, the 3-D simulation of 5 deg sectors has been pursued in what follows to reduce the grid size and the computational time.
B. Grid Generation and Convergence Study
An unstructured grid was generated with ANSYS CFX-MESH, illustrated in Fig. 10 . In most of the simulations, a mesh consisting of 2,303,963 tetrahedra and 1,097,070 wedges (a total of 3,501,063 cells and 1,008,137 nodes) was used. For the convergence study, a mesh with 6 million cells was used. The typical grid structure is shown in Fig. 10 .
The mesh at the near-wall region of the nozzle required the elements to have high aspect ratios. The number of the inflated layers was taken to be 30, as shown in Fig. 10 . The thickness of the first layer was 0.1-0.5 mm and the expansion factor was taken to be 1.1, corresponding to the value of y < 4 in our simulations.
The requirements for the mesh quality are primarily dictated by a sufficiently high accuracy with a minimum computational cost. Convergence was obtained by successive refinements of the critical regions to make the results essentially independent of the mesh quality. Figures 11 and 12 show the results of a convergence study, where the pressure time traces in the critical regions were compared for the meshes with 3.5 million and 6 million cells, corresponding to the minimal cell sizes of 1 and 0.5 mm, respectively, away from the boundary layers.
The aforementioned mesh refinement yields no significant difference in the pressure time traces, whereas the computational cost increases enormously. Therefore, a 3.5-million-cell mesh was used in all the simulations reported in this paper.
C. Gas Dynamics Boundary and Initial Conditions
The computational domain is shown in Figs. 10 and 12 . The domain was taken to be sufficiently large to avoid any interference from the computational boundaries on the timescales of interest. For the inlet boundary condition, prescribed plenum stagnation pressure and temperature time traces were used. The "opening" (far field) boundary conditions away from the nozzle were defined by the fixed ambient pressure of 1 atm and temperature of 300 K. The initial conditions for the air in the computational domain were 1 atm and 300 K. For the boundary condition on the wall, the adiabatic no-slip condition was employed. The exhaust gas was modeled as an ideal gas with the parameters of air.
D. Water Inlet Boundary and Initial Conditions
The injection velocity of the water droplets was taken to be 10-15 m∕s, the initial droplet diameter was 0.1-3 mm, and the mass flow rate of the liquid phase was 10-30 kg∕s in various simulations. Injection of the water droplets started 0.3 s before the ignition in all simulations.
E. Fluid Models
Fluid models were chosen based on the recommendations in the CFX-14.5 documentation. The computations contain two phases: the gas phase (continuous) and the liquid droplet phase (discrete). The continuous phase and the droplets are modeled by a twoway-coupled Euler-Lagrange approach, where the particle-fluid interactions are taken into account but the inelastic collisions between particles are neglected. The twoway coupling makes it possible to describe the transport of the vapor from the droplets to the gas phase. An unsteady Reynolds-averaged Navier-Stokes (URANS) simulation was carried out using the k-ω shear stress transport (SST) turbulence model. The total energy heat transfer model was chosen to include the effects of the kinetic energy for heat transfer. The density difference buoyancy model was applied to the water droplets, and the Schiller-Naumann model was used to describe the drag. Droplet breakup, evaporation, and momentum exchange with the gas phase were taken into account. For the heat transfer during evaporation, the Ranz-Marshall model was used. The mass transfer rate for a single droplet was computed using the liquid evaporation model. The model used two mass transfer correlations, depending on whether the droplet was above or below the boiling point. The boiling point was determined through the Antoine equation. The mass transfer from the droplet was determined by the latent heat of evaporation. The ANSYS CFX software has been validated for applications to supersonic flows and multiphase flows, as used in the present work. For supersonic flow code validation see, e.g., [43] [44] [45] [46] and the validation cases VMFL060 and VMFL037 in the ANSYS manual [43] . For the SST turbulence model and URANS validation cases, see [47, 48] and VMFL045, VMFL058, VMFL036, VMFL032, and VMFL031 in the ANSYS manual [43] . For validation of the multiphase code see [49, 50] .
The simulations were performed in the transient mode using a high-resolution advection scheme. The numerical approximation of the time derivatives was achieved by means of a second-order backward Euler scheme.
A first-order scheme was used to model turbulence. As the convergence criterion, a rms with the 5 × 10 −5 target for the residuals was set. The maximum number of coefficient loop iterations was set to 10.
The following time-step convergence study was carried out to determine the effect of the step size on the accuracy of the simulations. First, the simulation was run using a time step of 0.001 s, which is much smaller than the smallest relevant physical timescale of the problem, which is about 0.01 s. Next, the simulation was repeated using a 0.0001 s time step, and the results were compared. No appreciable differences in the simulation results were found (see Fig. 13 ). As a consequence, the 0.001 s time step was used in all the simulations reported.
V. IOP Mitigation by Aerosol Sprays
The efficiency of IOP suppression by aerosol layers depends on the properties of the IOP pulse, the geometry of the exhaust hole and the nozzle, and the location and the parameters of the aerosol sprays. The estimates obtained in Sec. III were used to guide the ANSYS simulations of the following tests. Water aerosols with various droplet diameters d dro , liquid volume fractions f L , and fixed velocities v drop were injected from various locations. A quasi-steady droplet distribution was established within 0.3 s. At that moment, ignition set off in the SRB, which was modeled by modulation of the plenum boundary conditions in the nozzle based on the typical total pressure and total temperature time traces for the space shuttle SRB. Formation of the main IOP spikes (Fig. 1) is driven by different mechanisms, depending on the design of the nozzle and the trench, as well as on the gas pressure and temperature profiles in the SRB combustion chamber. In particular, formation of relatively large IOP spike 1 near the nozzle was associated with diffraction of the first wave (see Sec. II) on the nozzle lip. Other spikes were associated with the IOP waves originating near the bottom of the exhaust hole and the deflector (see Sec. II). Therefore, in contrast to the other spikes, spike 1 could not be reduced by the aerosol streams located below the nozzle exit. Moreover, as noted in Sec. II, the main component of the descending wave propagated downward from the nozzle exit. Therefore, it would reflect from the aerosol or water streams located below the nozzle exit. The reflected wave will propagate in the upstream direction, creating a hazard for the vehicle. The amplitude of the reflected wave is expected to be considerably larger than the amplitude of the diffracted wave in the case of a complete reflection. The results of the ANSYS simulations (Fig. 14) confirmed this conclusion. Figure 14 shows the time traces of the pressure at points 1 and 2 near the nozzle exit (see Fig. 2 ), both for the baseline regime and geometry without aerosol (dashed curve a) and with the aerosol sprayed from the center of the exhaust hole (the solid curves). The following aerosol parameters were used: spray velocity v 10 m∕s and flow j L 1.8 m 3 ∕s (liquid volume fraction f L 15%), layer thickness h 10 cm, and the droplet diameters d drop 0.25 mm (curve b) and d drop 0.1 mm (curve c). Droplet breakup and evaporation were taken into account in the simulation. One can see that, as expected, spikes 3 and 4 are strongly suppressed, whereas spikes 1 and 2 are not. Moreover, the amplitude of the inverted spike 2 increases substantially and an extra strong spike (spike 1 0 ) appears. This latter spike is caused by the reflection of the first wave, giving rise to spike 1, from the aerosol layer. For the larger initial size of the droplets, they will break up to the minimal size of ∼0.2 mm during the pulse, as explained in Sec. III.F, and the resulting fine mist will efficiently reflect the wave. A similar effect has been observed in the interaction of shock waves with air-water drop curtains [51] . The magnitudes of the increase in spikes 1 and 2, the formation of spike 1 0 , and the suppression of the other IOP spikes depend on the droplet diameters (Fig. 14) .
The A significant fraction of the droplets has broken up outside the plume area where the gas temperature is T g ≈ T L ≈ 300 K, the pressure is p 1 atm, and the gas velocity is v g ≈ 50-80 m∕s. In this region, evaporation of droplets is negligible. Extensive droplet breakup and evaporation are observed inside the plume (see Fig. 15 ).
The amplitude of IOP spikes 1 and 1 0 can be successfully reduced by the reflection of the acoustic waves from the aerosol layers created by sprays covering up the area between the nozzle exit and the top of the exhaust hole. A possible design for a square-shaped exhaust hole is shown in Fig. 16 (left) . A set of similar designs for the axisymmetric geometry has been simulated on ANSYS as well. One of these designs is presented in Fig. 16 (right) .
Using this spray design reduces all the main IOP spikes, including spike 1 (see Fig. 17 , where the results of ANSYS simulations are presented). Dashed lines (lines 1) in Fig. 17 correspond to the regime without aerosol, and the solid lines correspond to the aerosol sprays for width h 10 cm, droplet velocity v 10 m∕s, droplet flow J aer 1800 kg∕s (f L 15%), and droplet diameters d drop 3 mm (curve 2) and d drop 0.1 mm (curve 3) in Fig. 17a ; and droplet diameter d drop 0.25 mm, and droplet flows J aer 720 kg∕s (curve 2, f L 15%) and J aer 1800 kg∕s (curve 3) in Fig. 17b .
It is found that mist sprays reflect acoustic waves efficiently. In particular, curve 3 illustrates strong suppression of IOP by the aerosol with d drop 0.1 mm and mass flow J aer 1800 kg∕s. It is instructive to note that this value of J aer is 4.5 times smaller than the mass flow of the exhaust gas coming from the nozzle. The suppression effect increases when the mass flow and the width of the aerosol layer increase and the droplet diameter decreases. The suppression effect was found to be the greatest when an extended area above the nozzle was filled by a mist, d drop < 0.25 mm, before the SRB ignition. This was achieved by spraying the mist in the vicinity of the nozzle for 3 s before the ignition started. Curve 4 in Fig. 17 (right) illustrates the degree of IOP suppression in this case.
Droplet breakup and evaporation were taken into account in these simulations. It was found that breakup and evaporation of droplets with d drop < 0.25 mm are negligible outside the plume, even for highest IOP spike 3. Figure 18 shows the gas velocity (a), temperature (b), pressure (c) field, and mass fraction of vapor (d) at t 0.7 s. The droplets are entrained by the shear layer flow of the plume, where they are intensively broken up and evaporate ( Fig. 18c and 18d) .
For the 5% subscale model, as noted in Sec. III.A, mist corresponds to d drop ≪ 60 μm. ANSYS simulations confirmed that, for such small droplets, aerosol suppresses IOP efficiently. Thus, aerosols with initial droplet diameters satisfying the criterion in Fig. 17 IOP time traces near the nozzle exit at points 1 for an aerosol spray design presented in Fig. 11 (right) . Fig. 18 As in Fig. 15 , for sprays injected at the level the nozzle exit.
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Sec. III.A may be used for efficient suppression of IOP pulses in the 5% subscale model.
Another possible design of the spray is shown in Fig. 19 , where the aerosol is injected form the periphery toward the plume in the vicinity of the nozzle exit. This spray design reduces all the main IOP spikes (Fig. 20) . The dashed line (line 1) in Fig. 20 corresponds to the baseline regime (without aerosol), and the solid lines correspond to the aerosol sprays for width: h aer 10 cm, droplet velocity v 12 m∕s, droplet flow J aer 1800 kg∕s (f L 15%), and droplet diameters d drop 0.25 mm (curve 2) and d drop 0.1 mm (curve 3).
For this spray design, the aerosol not only covers the exhaust hole from above, and thus suppresses the IOP, but also penetrates into the plume in the region near the nozzle exit, decreasing the gas velocity and temperature in the plume due to the drag and evaporation of the droplets (see Fig. 19 , where the results of ANSYS simulations are presented). Figure 19 shows the fields of the pressure (a), the mass fraction of the water vapor (b), the gas temperature (c), and the gas velocity (d). One can see that intensive breakup and evaporation occur inside the plume. It should be noted that the foregoing results hold for particular configuration where the aerosol sprays graze the nozzle lip.
The simulations show that, when a gap exists between the spray and the nozzle lip, the descending wave reflects from the aerosol, enters the gap, and leads to an increase of the overpressure near the nozzle similar to what is observed for the aerosol sprayed from the center of the exhaust hole (Fig. 14) .
VI. Conclusions
One of the main conclusions of the present study is that subscale models do not capture the physics of the aerosol-IOP wave interaction in the full-scale rocket. Therefore, subscale data on water suppression should be extrapolated with caution to the full-scale case. It is found that water aerosol layers of high mass loading with small droplets (mists) may effectively reflect the acoustic waves. Such layers can be used to mitigate IOP waves propagating from the exhaust hole to the vehicle. Droplets of sufficiently small size can form as a result of the breakup of large droplets of the water sprays under the action of the IOP pulses for full-scale rockets. On the other hand, the breakup is negligible for the small (∼5%) subscale models; therefore, to test mitigation of IOP waves in these models, atomized water sprays (mists with very small droplets) have to be used.
Layers of coarse aerosols with sufficiently large droplets weakly reflect and transmit acoustic waves, even for high mass loading. The transparency of such coarse aerosol layers does not depend on the IOP wavelength but is a function of the droplet size: transparency of the layer increases with the droplet size. Polydisperse aerosols are more transparent than monodisperse aerosols for a given, most likely droplet size. On the other hand, the transmission and reflection coefficients of the mist layers do not depend on the size of the droplets, but rather are complicated functions of the acoustic wave frequency. It is important to note again that, due to droplet breakup, the effective size of the droplets is small in the full-size rocket case and the aerosol is effectively a mist. It is important to note that the superiority of the mists as IOP mitigators compared to coarse aerosols is also confirmed by experimental tests on blast mitigation.
Ideal water sheets (curtains) are found to be equally efficient in mitigating the IOP waves. However, in real spray systems, thin water sheets develop spatial instabilities, resulting in the sheet corrugation and formation of thinning regions, or even sheet breakup, leading to a drastic increase in their transparency to the IOP waves. Aerosols do not develop such instabilities. Another practical advantage of aerosols is that they can be sprayed over surfaces with complicated geometries, such as the exhaust hole of a heavy lift rocket with several nozzles, where water bags cannot be installed due to the geometrical constraints. In such complicated geometries, it may be impossible to create stable continuous water sheets covering the exhaust hole. As a result, mists are expected to be much more efficient IOP mitigators in practice than water curtains.
Finally, it is worth noting that another way to create a high-density effective medium layer that would reflect the IOP waves away from the launch vehicle is to spray thick foam into the exhaust hole. Foams obtained by adding small amounts of surfactant into water sprayed from the nozzles are expected to behave much in the same way as a fine mist when interacting with long acoustic waves.
